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ABSTRACT 



Aims. We study the spectral energy distribution (SED) of the Crab Pulsar and its nearby knot in the optical and in the infrared (IR) 
regime. We want to investigate how the contribution from the knot affects the pulsar SED in that regime, and examine the evidence for 
synchrotron self-absorption in the IR. We also draw the attention to the predicted secular decrease in luminosity of the Crab Pulsar, 
and attempt to investigate this with CCD observations. 

Methods. We present high-quality UBVRIz, as well as adaptive optics JHK^L' photometry, achieved under excellent conditions with 
the FORS 1 and NAOS/CONIC A instruments at the VLT. We combine these data with re-analyzed archival Spitzer Space Telescope 
data to construct a SED for the pulsar, and quantify the contamination from the knot. We have also gathered optical imaging data from 
1988 to 2008 from several telescopes in order to examine the predicted secular decrease in luminosity. 

Results. For the Crab Pulsar SED we find a spectral slope of a,, = 0.27 ± 0.03 in the optical/near-IR regime, when we exclude the 
contribution from the knot. For the knot itself, we find a much redder slope of a^, = -1.3 ± 0.1. Our best estimate of the average 
decrease in luminosity for the pulsar is 2.9 ± 1.6 mmag per year. 

Conclusions. We have demonstrated the importance of the nearby knot in precision measurements of the Crab Pulsar SED, in 
particular in the near-IR. We have scrutinized the evidence for the traditional view of a synchrotron self-absorption roll-over in 
the infrared, and find that these claims are unfounded. We also find evidence for a secular decrease in the optical light for the 
Crab Pulsar, in agreement with current pulsar spin-down models. However, although our measurements of the decrease significantly 
improve on previous investigations, the detection is still tentative. We finally point to future observations that can improve the situation 
significantly. 

Key words, pulsars: individual: The Crab Pulsar 



1. Introduction 

The Crab Nebula and its pulsar are among the most exten- 
. !^ sively studied objects in astronomical research. The nebula is the 
K> , remnant of a supernova that was observed in 1054 A.D. Even 
' though well studied, a complete understanding of the super- 
Ci ' nova that exploded, and the natu re of the n ebula, is still missing 
(e.g., Sollerman et al. 2001; Kit aura et al . 2006; Hester 2008; 
fTziamtzis et alj|2009l) . 

In this paper we focus on the pulsar itself and its immediate 
environment. The Crab Pulsar has been utilized for decades for 
testing high-energy astrophysics. But the exact nature of pulsars, 
including t heir emission mechanism, is far from fully under- 
stood (e.g.. lRomanill2000l) . Even in the well studied optical and 
near-infrared (IR) domain there remain open issues regarding 
e.g., t he origin ofjhe off -pulse polarisation (Shearer & Golden 
I2OO2I; (Slowikowskaet all 120091; iMignanii 120091) . and the ex- 
act s pectral-energy-distribu t ion (SED) of the non- t hermal emis- 
sion dSollerman et alj|200"lt lO' Connor et"ani2005l: iTemim et alj 
I2OO6I) including the influence of the nearby knot, located ap- 



* Based on observations made with ESO Telescopes under pro- 
gramme ID 072.D-0029. Tables 3 and 4 and Figure 4 are only available 
in electronic form via http://www.edpsciences.org, 



proximately ^.'6 (~ 1 000 AU) from the pulsar dHester et all 19951; 
ISollermanll2003h . 

We present new optical and near-IR observations of the Crab 
Pulsar and its immediate environment in order to trace the SED 
into the infrared, and to investigate the spectral shape of the 
emission from the knot. These observations were obtained with 
the ESO Very Large Telescope (VLT). We also present an at- 
tempt to determine the secular decrease of the optical emission 
by a study of optical CCD imaging data obtained over the past 
20 years. 

The paper is organized as follows. In Sect.|2]we describe the 
optical observations obtained under excellent conditions with the 
FORSl instrument on the VLT. We also describe the adaptive 
optics NAOS/CONIC A near-IR data from VLT that extend our 
observations all the way into the L' band. To extend the SED 
even further, we also include and re-analyze archival data from 
the Spitzer Space Telescope. In Sect. [3] we present the SEDs we 
derive for the pulsar and for the nearby knot, and these results 
are further discussed in Sect. |4] We also present a complemen- 
tary investigation of the optical emission from the Crab Pulsar 
in Sect. |5] where we discuss the evidence for a secular decrease 
of the V-band emission from the pulsar using archival data from 
many telescopes. The paper ends with some conclusions and an 
outlook in Sect.|6] 
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2. Observations 

2.1. Optical photometry with F0RS1 

The Crab Nebula was observed on December 18, 2003, with 
the FORSl instrument mounted on UTl at the VLT. The ob- 
servations were conducted in service mode to ensure excellent 
observing conditions. We used the high-resolution mode of the 
camera, utilizing 0. 1 arcsec per pixel. For each of the UBVRIz 
pass-bands, we obtained three dithered exposures. No previous 
photometry has been reported for the pulsar in the z band, and 
this was included in order to tie together the optical and near-IR 
observations. 

The seeing, as measured from the final images, was ~0'.'6- 
a.'l in the UBVR exposures and -ffH-a'S for the / and z bands. 
For photometric calibration s, the whi te dwarf spectrophotomet- 
ric standard star GD 71 (Bohlin et al.l'l995) was observed in the 
UBRIz bandfl immediately after the pulsar observations, and at 
a similar airmass. For the photometric calibration, we h ave also 
made use of observations of stars in the Rubin 152 field dLandoltl 
11992 ) obtained during the same night. 

All FORS 1 data were reduced in a standard way, including 
bias subtraction and flat fielding. We measured the Crab Pulsar 
and other stars in the field using aperture photometry with an 
aperture of 8 pixels. The field stars were used for calculating an 
aperture correction for the pulsar. The background was estimated 
with an annulus from 25 to 35 pixels in the Crab field, using the 
centroid sky algorithm. 

Point-spread Function (PSF) subtractions were performed on 
all FORS 1 images, using the DAOPHOT algorithm package as im- 
plemented in IRAF. This was done in order to remove the pul- 
sar emission and thereby reveal the nearby knot. To reduce the 
effect of residuals from the pulsar, the knot photometry was per- 
formed with an aperture of only 5 pixels, and an aperture cor- 
rection from 5 to 25 pixels was estimated from the same field 
stars as for the pulsar. Although the knot is an extended struc- 
ture, the true width is only ~ 0'.'2 (Sect. |4]i, and the knot can be 
approximated as a point source for this purpose. 

Since no standard z-band magnitude exists for GD71, it 
was estimated by integrating the spectrum of GD 7 1 under the 
FORSl filter profile using the IRAF task sbands. For normal- 
ization, the same procedure was followed for the spectrum of 
Vega, and defining its magnitude to zero. When applying this 
procedure to GD71, we obtain a z-band magnitude of z = 
13.42 ± 0.03 for this star We note that using the same procedure 
to estimate the V-band magnitude of GD71 gives V = 13.00, 
which is close to V = 13.032 + 0.001 determined by iLandoIi 
(119921) . 

2.2. Near-IR adaptive optics with NACO 

From October 2003 to September 2004, JHKsL' imaging was 
obtained with the NAOS/CONICA (or NACO, for short) equip- 
ment, mounted on the ESO VLT UT4. The JHKs observa- 
tions were performed as an extension of the study previously 
conducted with the ISAAC instrument (Sollerman 2003, here- 
after S03) to study the near-IR properties of the knot. With the 
NACO adaptive optics system we were able to obtain signifi- 
cantly higher spatial resolution. The pixel scale of these obser- 

' The V-band exposure of GD 7 1 was unfortunately saturated. 

^ IRAF is distributed by the National Optical Astronomy 
Observatory, which is operated by the Association of Universities 
for Research in Astronomy (AURA) under cooperative agreement with 
the National Science Foundation. 
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Fig. 1. Near-IR NACO images of the Crab Pulsar and its envi- 
ronment. North is up and east is to the left. The field of view is 
~ 20 X 18 arcsec. The pulsar is the lower right of the two bright 
upper stars. The inlay in the lower right corner shows a close-up 
of the pulsar and the knot in the U band. The field of view for 
the inset is ~ 2.2 x 1.8 arcseconds, and the knot positioned 0.6 
arcsec south east of the pulsar is easily resolved. 



vations were 0.027 arcsec per pixel, and the typical stellar profile 
in these images have a FWHM of ~ ^.'12 in HK,L' and ~ 0'.'25 
in the J band. Table [1] is a log of the NACO observations. The 
y-band observations, for example, were obtained in sequences 
of 3 X 10 second exposures to make up the total exposure time 
shown in the Table, while the L'-band exposures were conducted 
using a number of shorter sequences (180 x 0.175 seconds). 

The reductions were performed using the flat and jitter algo- 
rithms from the Eclipse software package (see Devillard 199^ 
for a description of Eclipse). We display our near-IR NACO im- 
ages in Fig.[r| 

The excellent spatial resolution enable us to reveal the con- 
tribution from the knot at these wavelengths. To our knowledge, 
this is the first ground based L-band image presented of the Crab 
Pulsar Our combined L'-band image consists of almost 3 hours 
of useful on-source integration time, and highlights the impor- 
tance of the contribution from the nearby knot at these longer 
wavelengths (see the lower right inset of Fig.[T]l- 

Albeit adaptive optics is excellent in obtaining improved 
spatial resolution, it can be difficult to obtain proper absolute 
flux calibration. We have therefore calibrated our NACO obser- 
vations using the known magnitudes of four stars in the Crab 
Pulsar field (from S03, their Table 1). Comparing with the ab- 
solute flux ca librated NACO images (using standard stars from 
iPersson et alj 11998) . this resulted in coiTections to the pulsar 
magnitudes of order 0.06 mag in the JHK bands. For the L' 
band, we had to rely on the NACO calibration, as obtained from 
several near-IR standard stars (Leggett et al. 2003). This magni- 
tude estimate thus comes with an additional uncertainty of order 
~ 0.06 mags, which is included in Table|2]and Fig.|2l 
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Date 


Bandpass 


Exp. Time (s) 


2003-10-18 


K, 


1260 


2004-01-30 


L' 


1228.5 


2004-01-31 


H 


1440 


2004-01-31 


L' 


1512 


2004-02-12 


J 


990 


2004-02-12 


L' 


1197 


2004-02-13 


L' 


1512 


2004-02-22 


L' 


1512 


2004-03-13 


L' 


1512 


2004-09-15 


V 


1512 



Table 1. Log of the NAOS/CONICA JHR^L' observations. 
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Fig. 2. The measured flux of the Crab Pulsar and its knot. The 
dotted line shows the least-squares fit to the FORS 1 and NACO 
pulsar data, with ay - 0.27. The black dash-dotted line shows 
the fitted line to the optical knot flux, with - -1.3. The 
grey dash-dotted line illustrates a hypothetical extrapolation of 
the knot flux with a spectral index ofay = -1.0 into the Spitzer 
wavelength range, and the grey dashed line shows the resultant 
knot subtracted Spitzer pulsar flux for this assumption. 

2.3. The Spitzer Space Telescope data 

In order to examine the Crab Pulsar further into the mid-infrared, 
we have also re-analyzed archival datcQ from the Spitzer Space 
Telescope. These were acquired with the IRAC instrumentation 
on March 6, 2004. The IRAC observations were made using 
12 second exposures and the high dynamic range mode at four 
dither positions, aiid the data were previously analysed and pub- 
lished bv lTemim et all ( 12006 . hereafter T06). 

Spitzer operates in four channels simultaneously, with cen- 
tral wavelengths at approximately 3.6, 4.5, 5.8 and 8.0 fim. For 
each of the five post-BCD mosaics in each channel, we used an 
aperture radius of 2 pixels (2'.' 4), with sky annulus radii of 2 to 
6 pixels. We then applied the appropriate aperture corrections 
listed in the IRAC Data Handbook. 

3. Results 

We present our optical U BVRIz, near-IR JHKsL' and the Spitzer 
Space Telescope magnitudes of the Crab Pulsar and the knot in 
Table |2l Values for the combination of both pulsar and knot are 

3 P.I. Robert D. Gehrz. 



Table 2. The UBVRIz, JHK,L' and Spitzer IRAC magnitudes 
of the Crab Pulsar and its knot. 



Bandpass 


Crab Pulsar + Knot 


Crab Pulsar 


Knot 


U 


16.68±0.03 


16.69+0.03 


21.57+0.13 


B 


17.22±0.02 


17.23+0.02 


21.91+0.08 


V 


16.64±0.02 


16.66+0.03 


20.72+0.07 


R 


16.14±0.01 


16.17+0.02 


20.02+0.07 


I 


15.61+0.01 


15.65+0.02 


19.26+0.08 


z 


15.35±0.04 


15.39+0.05 


18.88+0.08 


J 


14.72±0.03 


14.83+0.03 


17.24+0.06 


H 


14.13+0.02 


14.28+0.02 


16.33+0.04 


Ks 


13.64+0.02 


13.80+0.01 


15.80+0.03 


L' 


12.65+0.08 


12.86+0.07 


14.51+0.15 


3.6 


12.54+0.07 






4.5 


12.04+0.07 






5.8 


11.55+0.07 






8.0 


10.94+0.08 







also presented, for comparison to previous studies where the two 
components could typically not be separated. 

Compared to previous measurements, which have been 
rather inconclusive (see e.g., O'Connor et al. 2005, their Fig. 2), 
our JHKsL' magnitudes agree r ather well with the time-resolved 
measurements of Pennyl (Il98 2l). 

For the Spitzer data, we found considerable dififerences com- 
pared to T06. This was found to be due to improper aperture cor- 
rections in T06, and updating their measurements. iTbmim et all 
(120091) now obtain results consistent with ours. This changes the 
slope of the mid-IR measurements significantly. 

The spectral energy distribution from the measured flux for 
the Crab Pulsar, including the NACO and Spitzer data, is shown 
in Fig. |2] Here we have corrected the flux for interstellar ex- 
tinction, using the valu es E(B - V) - 0.52 mag and Ry = 3.1 
(ISoIIerman et al.l I2OOOI hereafter SOO). The simplest way to 
characterize the SED is by a power-law, Fy = K v"* , where K 
is a constant and the spectral index is denoted Oy If we fit a lin- 
ear slope to the FORSl and NACO data in Fig.|2]we get for the 
knot subtracted pulsar a spectral index of ay - 0.27 + 0.03. 

To estimate the spectral index of the knot we only use the 
optical FORS 1 data. This is because the knot is known to vary 
in strength, and the NACO data are not contemporaneous. The 
optical spectral index for the knot obtained in this way is ay = 
-1.3+0.1. 

4. Discussion of SED data 

The measured spectral index of ay - 0.27 for the Crab Pulsar 
in the optic al-near-IR wavelength regime agrees reasonably 
well with previous studies (see e.g. a compilation of results in 
iFordham et al.l2002 , their Table 6). The exact value of the spec- 
tral index depends somewhat on the included wavelength inter- 
val, and is slightly flatter for the bluer parts of the ultraviolet 
to near-IR regime (SOO, S03). The value also depends on the 
applied extinction correction (SOO). The novel thing with these 
measurements is our attempt to remove the contribution from the 
knot. This will be discussed further below. 

The high-resolution NACO data also provide a close view of 
the pulsar and the knot in the near-IR (Fig.lTJ. These data can be 
used in several ways. 

The spatial extent of the knot can be estimated from our im- 
ages. The observed size of ~ 0'.'25-0'.'30 corresponds to a uncon- 
volved extensio n of ~ 0'.'22 - 0'.'27, which is slightly larger than 
the estimate by iHester et al.l (1 19951) in the optical regime. The 
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center of the knot is located at position angle (PA) ~120° from 
the pulsar, which agrees well with the knot being aligned with 
the ro tation axis of the pulsar (PA 124° +0.1°, Ng & Romani 
|2004|) . The knot appears slightly elongated along an axis perpen- 
dicula r to this, with PA ~33°. As pointed out by iMelatos et alj 
(I2005h it is difficult to measure the exact shape of the knot in 
adaptive optics images where the PSF varies across the field. 
We do note, however, that the shape of the knot in our NACO 
imag es is very similar to that presented by them dMelatos et alj 
12005. their Fig. 7). 

Our deep i/-band image was used to establish that any 
counter-knot has to be fainter than ~ 2.5% of the knot lumi- 
nosity. This is som ewhat fainter than the limit estimated by 
iHester et al.l dHH from HST images, who used the absence of 
a counter-knot to argue for an actual asymmetry in the polar out- 
flow from the pulsar, rather than simply a Doppler boosting ef- 
fect. However, Doppler boosting has more recen tly been invoked 
again to model the knot in MHD simulations (iDel Zanna et al.l 
l2O06h . 

Our measurements of the knot also indicate that it is about 
twice as bright compared to the pulsar in the near-IR com- 
pared to the ISAAC measurem ents of S03. A large variabil- 
ity of this structur e (S03.|Melatos et al.ll2005h . as well as other 
nearby structures (iHester et al have also been previously 

reported. 

This variability makes it more difficult to measure the SED 
of the knot itself. The JHKsL' measurements presented in 
Table |2] were obtained at several different epochs, which is why 
we have only connected the contemporaneous optical measure- 
ments for the knot in Fig. |2] The SED we measure from the op- 
tical data is ccv = -1.3 + 0.1. This is a bit redder than the earlier 
measurement of Uy - -0.8 by S03. 

We note, however, that while the measurements by S03 made 
use of HST images, our FORS images - even though they have 
the highest quality achievable from the ground - require PSF sub- 
tractions that may introduce uncertainties in the measurements. 
The formal fit error of 0.1 mag may thus underestimate the un- 
certainties. Having said this, we still speculate if the suggested 
difference in spectral slope for the knot between these two mea- 
surements may be related to the variability of the knot bright- 
ness. A multi-band monitoring campaign with the updated HST 
would be able to investigate such an energy injection emission 
mechanism for the knot (see Sect. l6.3l for a discussion on future 
observations). 

The observations of S03 did show that the emission of the 
knot rises strongly into the infrared, and that was part of the 
motivation for this renewed study. While the knot contributes 
only ~ 1 % in the U band, this knot/pulsar ratio increases to ~ 4% 
in the z band. The NACO study clearly shows that the knot is 
even more important in the L'-band regime, where the knot-to- 
pulsar ratio amounts to 22+8% at this epoch. 

Our measurements on the Spitzer data show that the pulsar 
emission continues with a flat energy distribution all the way out 
to the longest wavelengths spanned (Fig.|2l). The spatial resolu- 
tion of these data do not allow us to separate the contribution of 
the pulsar and the knot. The strong contribution of the knot in 
the L' band suggests that the knot emission could continue well 
into the 3-8 yum Spitzer range. This could explain part of the ap- 
parent offset for the Spitzer data in Fig.|2l We discuss this further 
below. 

The approximate agreement of the measured spectral index 
of the pulsar in the optical - near-IR with Oy ~ 1/3 expected for 
optically thin synchrotron radiation, is a valuable clue for under- 
standing the emission mechanism of pulsars. However, for the 



longest wavelengths of measured non-thermal incoherent emis- 
sion, much of the discussion has traditionally focused on the in- 
dication of a po ssible self-absorption roll-over in the infrared 
(see references in lO'Connor et al.l2005 ). Our new time-averaged 
pulsar measurements do not indicate a simple synchrotron self- 
absorption cut-off (see further discussion in Sect. 16. lb . 



5. The Secular Decrease in Luminosity 

Having investigated the SED, we now turn to the possible time 
evolution of the optical luminosity. 

A decrease in the pulsar luminosit y by ~5 mill i-magnitudes 
(mmag) per year was predicted by PacinJ (Il97lb . This secu- 



invoked or d iscussed in the literat u re (e.g.. [ Kristian 



'Penny '1982; 'Pacini & Salvati" '19831 iMiddleditch etal 





1978 




1987 



Shearer & Golden 2002; Shearer 2008|). 

The most rece nt measurem ent of this decrease in luminos- 
ity is from .Nasuti et al.l (Il996l) . They estimated a decrease of 
8+4 mmag yr"' in the V band, but also caution that more obser- 
vations are needed. 

Here we present measurements based on data from the 
Jacobus Kapteyn Telescope (JKT), the Nordic Optical Telescope 
(NOT) and the VLT. We concentrate on images obtained in the 
V-band over the past 20 years. In this way w e are able to increase 
the number of observations as compared to iNasuti et al.l (Il996h 
by a factor of 4, and decrease the individual error bars by a factor 
of 5. More importantly, this investig ation attemp t s to m inimize 
the systematic uncertainties. Where Nasuti et"al] (1 19961) used a 
mix of photo-electric time resolved photometry, CCD imaging 
and photometry derived from a spectrum, we evoke only modern 
CCD imaging at decent seeing and perform relative photometry 
against several field stars. 

5. 1 . Predicted secular decrease 

The predicted decrease in luminosity is based on the simple as- 
sumption that the luminosity (L) of the pulsar depends on the 
pulsar period (P) as 

Loc P " 



iPacinil (11971b argues that the exponent in the synchrotron lu- 
minosity should be « ~ 10 for the Crab Pulsar, and estimated 
this effect to a secular de crease of 0.005 mag pe r year. The 
slightly updated analysis in [Pacini & Salvatil (Il983l) argues that 
this should be observable in the optical pass-bands if the emis- 
sion is incoherent synchrotron radiation. Using their Equation 10 
for optically thin synchrotron emission {ay ~ 1 /3), we estimate, 
using modern values for the pulsar period and period derivative, 
a predicted secular decrease of 3.8 mmag per year. 

5.2. Observations of tlie V-band iuminosity 

We have gathered archival data from several telescopes. We have 
used JKT data for 11 epochs between 1988 and 2000, where 
some of these data were prev iously used to inve stigate the wisp 
motions in the Crab nebula dTanvir et al.lll997i) . We have also 
used data from the NOT from 1998, 2000 and 2008, the above- 
mentioned FORSl data from December 2003 as well as addi- 
tional FORSl data from November 2003, and FORS2 data from 
2005. All these observations were performed in the V-band fil- 
ter. A log of the observations is shown in Table |3] These data 
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Fig. 3. Measured V-band magnitude of the Crab Pulsar from our 
investigation of the secular decrease. Crosses mark JKT data, 
squares NOT data and dots VLT data. The solid line shows 
the best fit of 2.9 mmag/year, with the estimated uncertainties 
marked by the dotted lines. 



include only images with seeing better than 1.5 arcsec, in order 
to minimize errors in background subtraction. 

All data were reduced in a standard way. The relative pho- 
tometry between the Crab Pulsar and 8 stars in the field was 
performed with PSF photometry, in order to minimize the con- 
tribution from the nebula, the wisps and the knot. 

To get the zero-point for each exposure we fixed the magni- 
tude of the field star positioned 6'.'4 north, 20'.'6 east of the pulsar 
(Star 1 in Table |4] and Fig.H]). Of the 8 well exposed and rela- 
tively isolated field stars that we have used, this is the one with 
V magnitude most similar to that of the Crab Pulsar, it is close to 
the pulsar position and was also visible in all images used. The 
root-mean-square (rms) of the difference in relative photometry 
for the field stars was then used for estimating the uncertainty in 
each epoch. 

We find that the local standard stars have an rms scatter of 
0.02 mag over the 17 used epochs. This is thus the precision in 
photometry we can reach in this study. This is larger than the typ- 
ical photon noise errors in these frames, and is probably mainly 
limited by flat fielding errors, but also the neglect of color terms 
and on the nebular background combined with varying seeing 
conditions. 



5.3. Secular Results 

The results from our study of the secular decrease in luminosity 
are shown in Fig.|3] The best (linear least-squares) fit to our data 
yields an increase of 2.9 + 0.8 mmag/year This purely statistical 
error likely underestimates the uncertainties. We therefore use 
our 7 independent field stars for comparison, and fit linear slopes 
also to these. While they rightly show zero evolution on average, 
the rms scatter on the slopes is 1.4 mmag/year. We therefore 
add this to the uncertainty above, arriving at a final estimate of 
2.9 + 1.6 mmag/year. This is thus a 2cr detection of a secular 
decrease. 



6. Summary, Discussion and Outlook 

We have measured the optical to infrared SED of the Crab Pulsar 
and its nearby knot. For the pulsar itself, we find a relatively flat 
spectrum over the entire wavelength range. The spectral index in 
the optical-near-IR is ay - 0.27 ± 0.03. The nearby knot has a 
much redder spectrum. We have found that the intensity of the 
knot can vary by a factor 2. In our L'-band measurements, the 
knot contributes almost 20% of the knot-i-pulsar emission. 

In this investigation we have scrutinized two often invoked 
concepts for the Crab Pulsar, the infrared synchrotron self- 
absorption (SSA) roll-over, and the secular decrease in luminos- 
ity. 



6.1. Synchrotron Self-absorption 

The spectral index of the optical to infrared regime has been dis- 
cussed in man y papers (e.g., SO O ; S03; jVliddledi tch et al. 1983 
"Penny 1982; Temim et al.li2006l) . IO'Connor et all (l2005l) review 
the evidence for a SSA roll-over, which is the very basis for their 
discussion. The no tion of an IR SSA is even inc luded in the text 
books on pulsars ( Lvne & Graham- Smithll2005l chapter 19.5). 
In simple standard theory, such a SSA break would give rise to 
the longer wavelengths falling off with Oy ~ 2 - 2.5. 

Looking at our time-averaged data, we see in fact no ev- 
idence that the slope is steepening away from the ay = 1/3 
expected from simple optically thin synchrotron radiation. In 
particular, the Spitzer data reveal a flat spectrum all the way 
out to 8 microns, which does not confirm earlier claims (e.g., 
iMiddleditch eTan[T983l) . Our main conclusion is therefore that 
there is simply little support for the SSA interpretation in the IR. 

We end this section by noting that the nearby knot displays a 
much redder spectrum, with a spectral index reminiscent of that 
expected from Fermi-acceleration and cooling behind a shock. 

In Fig.|2]we show that if such a a^"°^ = - 1 .0 extrapolates into 
the Spitzer region, the knot can indeed contribute substantially in 
this regime. This could perhaps make the pulsar SED consistent 
with a Qy ~ 1/3 slope all the way from the UV regime. If the 
knot is even stronger, the emission detected by Spitzer would in 
fact mostly be due to the knot, while the pulsar itself must be 
suppressed by the SSA. Alternatively, the cooling break for the 
knot occurs before the mid-IR. These speculations can in fact be 
tested by future observations (Sect. | 



6.2. Secular Decrease 

We have also investigated the secular decrease of the optical 
emission of the Crab Pulsar. We note that this effect has been 
extensively invoked in the literature, but that the observational 
evidence so far has been meager In fact, we claim that our in- 
vestigation is by far the most reliable one to date, but still only 
indicate a secular decrease at the 2cr level. Our measurement 
agrees well with an updated Pacini's Law, predicting a decrease 
of ~ 4 mmag/year. 

We believe that better estimates of the secular decrease can 
be obtained (see below). This can not only confirm (or re- 
ject) this decrease, but can in detail probe the luminosity evo- 
lution of the pulsar and thus the emission mechanism. This 
is clearly a more direct test on the pulsar evolution than at- 
tempts to monitor the synchrotron emission from the entire neb- 
ula (e.g., Aller & Reynolds! [T985I: [Reynolds & Chevaliedll984l: 
Smith 2003). For ex ample , in the original L = Const, x P~° for- 
mulation of iPacinil (Il97ll) . our current measurement indicates 
n = 6.8 + 3.8. Wliile current pulsar emission theory is not yet 
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very powerful in predi cting the exact numbers (e.g.. lSmithll981l: 
lO'Connor et al.ll2005l) . it is clear that better measurements will 
be able to discriminate between the n - -10 scenario favoring 
emission from the proximity of the speed-of-light cylinder, or a 
significantly shallower index n = -4 if the optical flux scales 
with the total loss of rotational energy from the neutron star. 

6.3. Outlook 

New observations will be able to resolve several of the above- 
mentioned issues. Imaging from space (e.g., with the HST) can 
be used to investigate the optical SED (and any time evolution) 
of the knot and of the pulsar. In particular, the JWST with sub- 
arc-second resolution over a large IR wavelength range will be 
ideal to resolve the knot at the longest wavelengths, and will 
determine to what extent the knot contributes. 

Much of the discrepancies found in published values of the 
pulsar SED comes from the efforts of patching together broad- 
band magnitudes obtained under varying conditions and with 
very different instrumentation. The next step to get the pul- 
sar -i-knot SED would be to use the X-shooter instrument at the 
VLT to directly probe the spectrum all the way through the 
optical-NIR. 

For the secular decrease it is also evident that more high 
quality observations will be able to more clearly investigate this 
effect. Decreasing the errors by a factor 3 would enable inter- 
esting comparison to theory, and this is achievable with a uni- 
form dataset. The best possible dataset would of course have 
been precision measurements with the HST, where a lot of at- 
tention has akeady been direct ed to studies of the time evolutio n 
of the pulsar environment (e.g.. lHester et al.|[l995l : lHesteij|2008l) . 
Unfortunately, the pulsar i tself has been categ orically saturated 
in these investigations (see lKaplan et al. I l200i . and the existing 
HST observations are therefore not suitable for investigating the 
pulsar SED or secular decrease. Other datasets obtained with a 
uniform telescope/instrument set-up, as e.g., the images used for 
inves t igating the expansion of the nebula over t ime (e.g.. lNugentl 
1 1 998t iTrimbl^l 1 9681: IWyckoff &. Murrayll 1 977h could also be of 
interest. We note that there must exist significantly more data 
which could be useful for this type of analysis. We therefore en- 
courage the astronomical community to investigate or share their 
Crab Pulsar images. 
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Table 3. V-band data used for examining the secular decrease in luminosity of the Crab Pulsar. The final column lists stars that are 
saturated (S) or outside the field of view in the particular image, and the numbers refer to Tableland Fig.|4] 
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Fig. 4. The stars that were chosen for relative photometry in the investigation of the secular decrease in luminosity. The numbering 
is the same as in Table|4]where the UBVRIz magnitudes for these stars are given. The numbering is also used in Table[3] The pulsar 
is number eight. This V-band image was acquired with the JKT on February 7 1990. North is up and east is to the left. The field of 
view is approximately 3.2 by 2.1 arcminutes. 
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15.13 


2 
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-1 
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Table 4. UBVRIz magnitudes of the eight field stars examined in the secular decrease of luminosity of the pulsar. The typical errors 
in VRI are 0.02 mags, while B, z and U give uncertainties of 0.03, 0.04 and 0.05 respectively. These magnitudes were estimated 
with the FORSl calibrations described in Section lTTI The numbering corresponds to Fig.|4]and Table[3] 



